Testing the "rate of living" model: further evidence that longevity and metabolic rate are not inversely correlated in Drosophila melanogaster. J Appl Physiol 97: 1915-1922. First published July 2, 2004 doi:10.1152/japplphysiol.00505.2004.-In a recent study examining the relationship between longevity and metabolism in a large number of recombinant inbred Drosophila melanogaster lines, we found no indication of the inverse relationship between longevity and metabolic rate that one would expect under the classical "rate of living" model. A potential limitation in generalizing from that study is that it was conducted on experimental material derived from a single set of parental strains originally developed over 20 years ago. To determine whether the observations made with those lines are characteristic of the species, we studied metabolic rates and longevities in a second, independently derived set of recombinant inbred lines. We found no correlation in these lines between metabolic rate and longevity, indicating that the ability to both maintain a normal metabolic rate and have extended longevity may apply to D. melanogaster in general. To determine how closely our measurements reflect metabolic rates of flies maintained under conditions of life span assays, we used long-term, flow-through metabolic rate measurements and closed system respirometry to examine the effects of variables such as time of day, feeding state, fly density, mobility of the flies, and nitrogen knockout on D. melanogaster metabolic rate. We found that CO2 production estimated in individual flies accurately reflects metabolic rates of flies under the conditions used for longevity assays.
AGING IS A NEAR-UNIVERSAL PROCESS that results in a progressive decline in the physiological function of an organism over time. Currently, one of the most widely proposed mechanistic explanations for aging links the production of free radicals and other oxidants produced during aerobic respiration to biomolecular damage that results in senescence (5, 7, 33) . The origins of this explanation for aging extend back nearly 100 years to studies showing that the longevity of an organism appeared to be inversely correlated to its mass-specific metabolic rate (30) . This relationship, commonly referred to as the "rate of living theory," states that the metabolic rate of an organism is directly and causally linked to its longevity (26) . The simplest interpretation of the rate of living theory predicts that factors that decrease an organism's metabolic rate will increase longevity, whereas factors that increase metabolic rate will decrease longevity (see Refs. 7, 31, 32, 39 for a more detailed discussion of the rate of living hypothesis and the importance of metabolic rate to aging). Contrary to predictions of the rate of living hypothesis, several recent studies have shown that metabolic rate is not a critical factor limiting longevity (19, 21, 27, 35, 36, 39) .
We recently reported on a study examining the relationship between longevity and metabolic rate in a large number of recombinant inbred (RI) Drosophila melanogaster lines (39) . That study found no indication of an inverse relationship between longevity and metabolic rate. A potential limitation of that study, however, is that it was conducted on RI lines derived from a single set of parental strains originally developed over 20 years ago (17, 18) . The extended period of laboratory culture and narrow genetic base may have produced lines with an idiosyncratic relationship between longevity and metabolic rates.
To determine whether the lack of correlation between longevity and metabolic rate observed in those lines is a general characteristic of Drosophila, we measured metabolic rates and longevities in another independently derived set of RI lines that have only been in the laboratory for a few years. The advantages of inbred experimental material have been discussed before (39) and arise primarily from the ability to obtain replicated measurements on the same genotypes, thereby increasing statistical power. Here, we report that the second set of genotypes also exhibits a lack of correlation between metabolic rate and longevity, consistent with our previous observations. The conclusion that it is possible to both maintain a normal metabolic rate and have extended longevity may apply to D. melanogaster in general.
A potential concern in studies examining the relationship between longevity and metabolic rate is that there may be significant differences between the conditions under which metabolism and longevity are measured. In such a case, the metabolic rate measurements may not reflect the true metabolic rates of animals in the life span assays, and the relationship between these two variables would thus be distorted. Although in our previous study (39) we measured metabolic rates using conditions that were as similar as possible to those used for determining longevity, some experimental variables differed between the two assays. For example, the metabolic rate measurements were conducted on individual, unfed flies, which were in conditions that differed from those under which longevity was assayed. Metabolic rate measurements obtained in small, empty glass vials may not be representative of metabolic rates of flies maintained in population cages or vials with food and other flies. We used both long-term, flowthrough, metabolic rate measurements and closed-system respirometry to study the effects of several experimental vari-ables that might confound our metabolic measurements: time of day, feeding state, fly density, presence/absence of food medium, fly mobility, and immobilizing flies with nitrogen. We found that CO 2 production as measured on individual flies accurately reflects the metabolic rates of flies maintained under conditions used for survival measurements.
MATERIALS AND METHODS
Fly stocks. We measured metabolic rates and longevities of virgin male flies from 28 RI lines originally generated in the laboratory of Dr. S. V. Nuzhdin (University of California, Davis). As described by Kopp et al. (14) , wild flies were collected in Winters, CA, and a single F1 male was mated with a single F1 female from the same population. F2 progeny were sib-mated for 25 generations to produce genetically homogeneous lines. Genetic homogeneity was verified by scoring multiple genetic markers in each line with replication (14) . In 1998 ϳ150 of these RI lines were sent to the Curtsinger laboratory and maintained in small numbers in 8-dram vials. For this experiment, we used 28 RI lines; 14 were randomly chosen from the longest-lived quartile, and 14 were randomly chosen from the 40th to 60th percentiles. Fly stocks were sent from the University of Minnesota to New Mexico State University, and next-generation progeny were used for metabolic measurements. Individuals used in the study were collected from eggs laid by approximately five female flies from each line. Females were allowed to lay eggs for 48 h, after which the adults were removed. On emergence, virgin male offspring were collected under light CO 2 anesthesia and placed in new food vials at a density of 15-20 flies per vial. Metabolic rates were measured on individual flies at three different ages. Each fly was used for a single age-specific metabolic measurement and then frozen for later weighing.
A standard D. melanogaster laboratory wild-type stock, strain w 1118 , was used to examine the effects of fly density, temporal variation, feeding state, measurement conditions, fly mobility, and nitrogen-induced immobolization on metabolic rate measurements. All stocks were maintained on a standard cornmeal Drosophila food source, which was shipped overnight twice weekly from the University of Minnesota. The w 1118 lines were maintained on an identical food source with the exception that it was stored frozen at Ϫ80°C until used. No differences were apparent between flies reared on thawed food or food that had never been frozen. Flies were maintained in plastic vials covered with cotton plugs and were transferred to new food vials approximately every 2 days. The flies were housed at 24°C under continuous light (24-h photoperiod), with 60 -70% relative humidity conditions. Flies were kept on a continuous photoperiod to minimize external light cues, which could potentially affect circadian cycles. Incubator temperature, light intensity, and humidity were monitored with Hobo data loggers (Bourne, MA).
Metabolic measurements. Resting metabolic rates were measured on individual flies from each RI line at three ages (5, 7, and 11 days postemergence). The methods used to assay metabolic rates were essentially identical to those used in our previous study (39) . The w 1118 flies used in flow-through respirometry measurements, the fed/unfed metabolic comparisons, and the confined/unconfined group measurements were 5-11 days postemergence.
For closed-system metabolic measurements, flies were immobilized in a gas stream of humidified nitrogen gas. Individual flies were then placed in 2.2-ml glass measurement chambers either by gently transferring flies via a glass pipet with mouth suction or by using a fine-tipped paint brush to move the fly into the chamber. The chamber was then sealed with a rubber stopper. This process took Ͻ1 min; flies quickly recovered and began moving within 1 min of immobilization. The chambers were then flushed for 15 s at a flow of 90 ml/min with CO 2-free, H2O-saturated (100% relative humidity) room air introduced via a 22-gauge needle, with a second needle inserted to vent the chamber, and left sealed for ϳ1 h. At the end of the sampling period, a 1-ml (STPD) gas sample was removed from the chamber with a Hamilton SampleLock syringe (Hamilton, Reno, NV) and directly injected into a 150 ml/min (Ϯ1%) STPD, CO2-free carrier air stream. Flow of the carrier air stream was controlled with a mass flowmeter (Sierra Instruments, Monterrey, CA) and scrubbed of H 2O vapor with a magnesium perchlorate filter before entering into a Li-Cor 6251 CO 2 gas analyzer (Li-Cor, Lincoln, NE). The Li-Cor analyzer has a sensitivity of Յ0.1 part per million (ppm) and an accuracy of Յ1 ppm. It took ϳ10 s to inject the 1-ml sample through the septa into the carrier. The chamber was then reflushed with CO 2-free air, and a second air sample was taken 1 h later. The amount of CO 2 produced by each fly was calculated using Datacan software (Sable Systems International, Henderson, NV).
Second metabolic measurements were typically less variable than first readings, as our laboratory previously reported (39) . For this reason, only the second metabolic measurements are used in correlational analysis between metabolic rate and longevity. A total of eight flies from each line was typically measured for each sampling period. Each set of experiments also included several empty chambers to control for background CO 2 production and the presence of CO2 in the air used to flush the chambers, and to determine whether there was significant gas leakage in the metabolic chambers. Analysis of blank chambers indicated that background CO 2 levels or chamber leakage was of minor consequence. Over a 1-h period, a single fly typically produced between 2 and 3 l of CO2. The reading from an empty chamber over this time was Ͻ5% of this amount and was very consistent both within and between sets of measurements. The CO2 gas analysis system was zeroed daily against CO2-free air and calibrated regularly against a 51-ppm certified gas standard (Air Products, Long Beach, CA).
To assay temporal variation in metabolic measurements and the effect of high concentrations of nitrogen on metabolic rate, highresolution metabolic rate data were obtained using flow through respirometry on groups of ϳ25 unmated, 5-7 day postemergent w 1118 flies. These flies were placed in 25-ml glass metabolic chambers, which were flushed with CO2-free, H2O-saturated air at 20 ml/min STPD. Airflow into the chambers was controlled with mass flowmeters (Sierra Instruments, Monterey, CA). CO2 and H2O vapor were removed from the inflowing air using a combination of a purge-gas generator (MTI, Westminster, CO) and Drierite/ascarite scrubber columns. After the airstream was passed through the mass flowmeter, the airstream was rehydrated by passing it through a series of glass syringes filled with sterile H2O and cotton wool. The H2O vapor content of the airstream entering the metabolic chamber was at essentially 100% relative humidity and contained Ͻ1 ppm of CO2 as measured with a Li-Cor 6262 CO2/H2O analyzer. After flowing through the metabolic chamber, the airstream was dried with magnesium perchlorate filters before entering the CO2 analyzers. The metabolic rates of two groups of flies were measured simultaneously with a Li-Cor 6251 and 6262 analyzer operated independently of each other. Metabolic data were collected at 15-s resolution after the chamber was allowed to equilibrate with inflowing air (ϳ15 min after flies were placed in the chambers). To ensure the flies remained well fed during the metabolic measurements, ϳ100 mg of standard Drosophila food medium was placed in chambers with the flies. The CO2 production by the medium was measured both before and after it was placed in the metabolic chambers. Fly mortality was checked at the end of the metabolic measurements.
Effect of anesthetic on metabolic rate. The metabolic rates of flies that had been exposed for 2 min to a 100% nitrogen environment was measured to determine whether the use of 100% nitrogen to immobilize flies before they were placed in the metabolic chamber had a significant long-term effect on metabolic function. Approximately 25, 5-day postemergent w 1118 unmated male flies were placed in separate 25-ml metabolic chambers with food, without being immobilized with nitrogen. The chambers were then connected to separate CO2 analyzers, and a 100-min baseline metabolic rate was recorded for both groups. One group was then exposed to humidified, 100% nitrogen at a flow of 100 ml/min for 2 min. The flies were completely immobilized at the end of this exposure. Experiments with other groups of flies indicate that the CO 2 production of flies in 100% nitrogen is near zero. After 2 min, the chamber was flushed with normoxic air, and the metabolic rate of the flies was recorded for several more hours. Fly survivorship was assayed at the end of the experiment.
Relationship between CO 2 production and oxygen consumption. To determine the relationship between CO 2 production and oxygen consumption, both variables were measured in 23 RI lines of D. melanogaster. These RI lines had been used in our earlier study (39) . Groups of several dozen flies were sealed in 50-ml glass metabolic chambers for ϳ1 h. At the end of this time, the air in the chamber was flushed into a paramagnetic oxygen analyzer (Sable Systems PA-1) linked in series to a Li-Cor CO 2 analyzer, and both oxygen consumption and CO 2 production were determined.
Effect of feeding on metabolic rates. Closed-system respirometry was also used to determine the effect of feeding status on CO 2 production and oxygen consumption. Twelve groups of 20, 5-7 day postemergent w 1118 male flies were sealed in 50-ml glass metabolic chambers with either a small amount of standard Drosophila food medium or H 2O. The air in the chambers was sampled using a multiplexer (Sable Systems) to flush the chambers at 1-h intervals into a CO 2 analyzer (Li-Cor) linked in series to a oxygen analyzer (Sable Systems Oxzilla). The oxygen concentration of air used to flush the system was controlled by filling and sampling the chambers with air of a defined oxygen concentration contained in a 40-liter cylinder.
Confined flies. Eighty 11-day-old postemergent w 1118 male or female flies were individually placed into 2.2-ml glass metabolic vials. The movement of half of the flies (randomly chosen) was then restrained by loosely filling the vials with rayon wool, which prevented all gross movement. Metabolic rates were measured twice over a 2-h period. Individuals came from a common group of flies maintained as a mixed-sex population for their first 8 days after emergence. The flies were separated into different sexes 3 days before the metabolic measurements.
Effect of group size on metabolic rate. Metabolic rates of individual flies were compared with metabolic rates of flies in groups of 20 to estimate effects of interactions between flies on metabolic rate. At the start of the experiment, multiple vials of male flies were combined into two vials. The flies were immobilized with humidified nitrogen and quickly placed into either 50-ml metabolic chambers at 20 flies/chamber or 2.2-ml chambers at 1 fly/chamber. CO2 production of the grouped and individual flies was sampled twice at 1-h intervals.
Longevity measurements. Life spans of flies in vials and population cages were measured in the Minnesota laboratory following previously described methods (39) . Briefly, stocks were expanded in half-pint bottles, and adult male flies emerging within a 6-h period were collected and transferred into specially designed 4.6-liter population cages. Each RI line was placed in a separate cage, and mortality was recorded daily until the last death. Approximate densities were determined by weight; exact numbers of flies in each population were calculated at the conclusion of the survival experiments by summing all recorded deaths. Life spans were also measured on unmated male flies maintained on standard Drosophila food medium in 8-dram shell vials at a density of 15 flies/vial. Dead individuals were counted and removed from the vials daily until the last death. Flies were transferred to new vials every other day and maintained at 24°C with constant illumination and 60 -70% relative humidity in the same incubator that housed the population cages used in the longevity assay. Longevity assays of all lines were done simultaneously to minimize environmental variations.
Fly weights. After recording the second CO2 measurement, the fly was left in the sealed metabolic chamber and stored at Ϫ80°C until weighing. Flies were thawed and weighed on a Sartorius M2P microbalance (Sartorius, Goettingen, Germany). A total of 628 individual flies from the 29 different lines was weighed. In addition to individual body weights, line means were calculated by pooling the three ages. To determine whether freezing temperature was an important factor affecting fly weight, a subset of flies was weighed and refrozen either in a frosting or frost-free Ϫ20°C freezer, or at Ϫ80°C. Individuals from this group were then periodically thawed and reweighed.
Data analysis. Multiple ANOVA was conducted with SyStat (version 5.2.1) statistical analysis software. Data were graphed and least square regression lines fitted with Cricket Graph III. Excel's data analysis tools were also used to calculate correlation coefficients. Statistical significance of correlation coefficients was computed from statistical tables (28) .
RESULTS

Metabolic rate measurements.
There was almost a twofold range of metabolic rates observed in the RI lines for each age studied (Fig. 1 ). Significant differences in interline metabolic rates existed at all ages (multiple ANOVA with weight included as a covariate, day 5: F ϭ 6.7, n ϭ 239; day 7: F ϭ 11.6, n ϭ 142; day 11: F ϭ 6.3, n ϭ 181; P Ͻ Ͻ 0.001 for all analyses). The specific factors responsible for this variation are not known, but the variation in metabolic rates is not explained by differences in body mass. As in our previous study (38) , we found no robust correlation between metabolic rates of individual flies and their body masses. Although there was a significant correlation between the second metabolic rate estimate for the 5-day metabolic data, no significant correlation was observed for the 7-or 11-day-old metabolic data. The Pearson product-moment correlation coefficients for the second metabolic rate and body mass were r ϭ 0.42, P Ͻ Ͻ 0.001, n ϭ 266 (for 5-day-old flies); r ϭ 0.03, P Ͼ Ͼ 0.10, n ϭ 164 (for 7-day-old flies); and r ϭ 0.02, P Ͼ Ͼ 0.10, n ϭ 209 (for 11-day-old flies). One potential limitation of this study is that metabolic rates were only measured on relatively young flies. Numerous studies, however, have shown that after ϳ1 wk of age, metabolic rate remains relatively constant in Drosophila (2, 11, 21, 27, 39) . This indicates that the metabolic rate measurements done on younger flies should be representative of that in older flies.
Pooling metabolic data for all ages, we found a small but statistically significant correlation between metabolic rate and body mass. Body mass accounted for only 3% of the variation in metabolic rates, and the exponent of the log-log regression of metabolic rate vs. body mass is 0.33. Because of the lack of a consistent correlation between metabolic rate and body mass, it is inappropriate to express metabolic rate in mass specific units, and therefore metabolic rates are expressed per whole animal (10, 25) . To account for the potential effects of body mass on metabolic rate, body mass is included as a covariate in multiple ANOVA (25) .
There were no significant differences in the average metabolic rates of the lines between measurements of 5-, 7-, and 11-day-old postemergent flies [ANOVA, F ϭ 1.65, P Ͼ Ͼ 0.10, degrees of freedom (df) ϭ 57]. For individual flies, there was a high correlation between first and second metabolic rate measurements (Fig. 2) . This indicates that a single metabolic measurement of an individual fly provides a reasonably consistent measure of the metabolic rate of that particular individual.
Longevity data. There was a large range of interline longevities. Line means varied two-to threefold depending on whether vial or cage longevity was used. When kept in vials, the postemergent mean longevities ranged from 27 to 77 days; the range in cages was 27-68 days. There were no major interline differences in developmental rates, and all lines completed development from egg to adulthood within 2 days of each other. Longevity assays were done for populations in both vial and cage conditions to determine how robust the mean longevity of a line was under different environmental conditions. Culture conditions did not have a significant effect on mean longevities: ϳ52 days for both the vial and cage assays (paired t-test, t ϭ 0.12, P Ͼ Ͼ 0.10, n ϭ 27). Within lines, vial and cage longevity measurements are highly correlated (r ϭ 0.68, P ϭ 0.001). The conditions of the flies in vials were very similar to the conditions under which metabolic rates were measured, as the flies could freely walk, but not fly, in the vials.
Correlation between metabolic rate and longevity. At none of the ages studied was there a statistically significant correlation between the average metabolic rates of the RI lines and their mean longevities. The correlation between average metabolic rate and mean longevities was calculated for each of the three sampling points (5-, 7-, and 11-day-old postemergent flies) against both cage and vial longevities. The Pearson product-moment correlation coefficients for these six correlational analyses ranged from 0.00 to 0.25 (P values ranged from 0.95 to 0.20). There is a notable lack of negative correlations.
Fly weight. The average male body mass of the 27 lines was 0.74 mg and ranged from 0.83 to 0.63 mg. The correlation between the cage or vial longevity of the lines and average mass of the lines was not significant, indicating that differences in body mass do not explain differences in line longevities (r 2 ϭ 0.05 for average cage longevity vs. average weight, F ϭ 1.4, df ϭ 25, 26; and r 2 ϭ 0.01 for average vial longevity vs. average weight, F ϭ 0.1, df ϭ 25, 26, P Ͼ Ͼ 0.10 for both correlations).
The temperature at which flies were stored before weighing had a substantial effect on estimated weight. The mass of flies frozen at Ϫ80°C was found to be stable (the second weight of the fly was within 2% of the original weight) for a minimum of 3 yr. However, flies sealed in identical vials but placed at Ϫ20°C lost Ͼ50% of their initial body mass within 2 wk of storage. The weight of flies stored for 1 yr at Ϫ20°was 37 Ϯ 1% (n ϭ 12) of the original wet weight. The dry weight of the same flies dried at 65°C for 48 h was 32 Ϯ 1% (n ϭ 11) of the original weight. The weight loss of flies stored at Ϫ20°C was approximately the same in defrosting and non-defrosting freezers.
Effect of 100% nitrogen exposure on metabolic rate. The use of 100% nitrogen to immobilize flies before placing them in metabolic chambers has only a minor effect on the long-term metabolic rate measurements (Fig. 3A) . For this experiment, Fig. 2 . Correlation between first and second metabolic measurements on individuals from inbred D. melanogaster lines measured at different ages. The sample period was ϳ1 h for both the first and second measurements. Linear fits were computed by least squares analysis. Highly significant correlations exist between the two metabolic measurements for all of the time points. The Pearson productmoment correlation coefficients were r ϭ 0.62 (5-day-old flies; P Ͻ Ͻ 0.001, n ϭ 266), r ϭ 0.87 (7-day-old flies; P Ͻ Ͻ 0.001, n ϭ 162), and r ϭ 0.81 (11-day-old flies; P Ͻ Ͻ 0.001, n ϭ 208). the flies were exposed to 2 min of 100% nitrogen, several times longer than the exposure used to knock out the flies for the metabolic rate measurements on individual flies.
High-resolution metabolic rate measurements. Metabolic rate measurements executed at a high temporal resolution show that the metabolic rates remain relatively constant over both the short-term (Fig. 3B ) and a 24-h period (Fig. 3C) . There was no evidence of a large circadian effect on metabolic rate. All flies were alive at the end of a 4-h sample period, with Ͻ4% of the flies dying after 25 h in the metabolic chamber. At the end of 24 h, the food placed with the flies contributed Ͻ3% of the measured CO 2 .
Relationship between CO 2 production and oxygen consumption. As seen in Fig. 3D , CO 2 production was almost perfectly correlated with oxygen consumption. A respiratory quotient (RQ) value of 0.95 was used to convert CO 2 measurements of the RI lines to SI energy units with an energy equivalent of 20.1 kJ/liter oxygen. The RQ of the w 1118 line used in the metabolic control experiments was directly determined to be ϳ1.00 for fed flies and 0.95 for flies that had not been fed for 3 h.
Effect of food deprivation on metabolic rate. The metabolic rates of fed and unfed flies was very similar over a 4-h sampling period, especially when oxygen consumption was used as the measure of metabolic rate (Fig. 4) . There was a noticeable shift in the RQ of the unfed flies over the sample interval. Both the fed and unfed groups started with a RQ near 1.00, consistent with the use of carbohydrates as the primary metabolic substrate. There was a significant decrease in the RQ of the unfed group over time, indicating a shift to alternative substrates, such as lipids, to supply metabolic energy. All flies were alive at the end of the sample period, and CO 2 production from the food medium was a negligible part (Ͻ5%) of measured CO 2 .
Effective of confinement on metabolic rate. The mean metabolic rates of both male and female flies confined by rayon balls were up to 50% higher than unconfined flies (Fig. 5) . Second metabolic measurements of confined flies were also typically higher than first readings on the same individual, reversing the pattern observed in unconfined flies (female flies, 1st measurement, Student's t ϭ 5.9, df ϭ 38, P Ͻ Ͻ 0.001; 2nd measurement, t ϭ 9.8, df ϭ 38, P Ͻ Ͻ 0.001; male flies, 1st measurement, t ϭ 6.2, df ϭ 38, P Ͻ Ͻ 0.001; 2nd measurement, t ϭ 5.9, df ϭ 38, P Ͻ Ͻ 0.001). It is not clear what is responsible for the increased metabolic rate of confined flies. Physically constraining gross fly movement could cause an increase in metabolic rate through the fly struggling to move or by other factors such as general increase in metabolic stress. The average body mass of unconfined male flies was slightly but significantly greater than that of confined male flies (0.62 Ϯ 0.002 vs. 0.56 Ϯ 0.002 mg, t ϭ 3.8, df ϭ 38, P Ͻ Ͻ 0.001), whereas the mean body mass of unconfined and confined female flies was very similar (1.07 Ϯ 0.002 vs. 1.04 Ϯ 0.002 mg, t ϭ 0.7, df ϭ 38, P Ͼ Ͼ 0.10). This indicates that differences in metabolic reading were not caused by large differences in body size between the groups, particularly since the mass of the unconfined flies was slightly greater than the confined flies. The differences in metabolic rates were not due to rayon wool releasing CO 2 into the chamber, because the rayon wool did not produce detectable amounts of CO 2 . There were no deaths among flies in any of the groups during this experiment.
Effect of group size on metabolic rate. As shown in Table 1 , per fly metabolic rates of flies in groups were not significantly different from those of flies measured individually. All flies in all groups were alive at the end of the sampling period.
DISCUSSION
The RI lines assayed here exhibited a wide range of average metabolic rates and longevities, but there were no significant correlations between the two traits, a result consistent with our previous study and other Drosophila studies (2, 21, 39) . Thus the increased longevity of the long-lived RI lines does not appear to be achieved through a reduction in metabolic activity. One limitation of our study is that, for practical reasons, we did not measure life spans and metabolic rates on the same individual flies. Our observation that line means show zero or slightly positive correlation between the variables of interest does not rule out the possibility that those same variables are inversely related within lines. Our data cannot directly address this issue, but Hulbert et al. (11) have recently measured both life spans and metabolic rates in 65 individual D. melanogaster and reported a slightly positive (but nonsignificant) correlation, consistent with our observations on line means. It has long been proposed that lifetime energy expenditure is relatively constant among a class of animals (26, 30) , a proposition that predicts an inverse relationship between life span and metabolic rate. More recent research has shown the limitations of this generalization in animals ranging from insects to mammals (4, 27, 34 -36) , although factors affecting the metabolic rate of an ectotherm, such as temperature, can be an important factor affecting longevity (20, 40, 43) .
Of obvious interest are the mechanisms that allow long-lived RI lines to maintain normal metabolic rates. In the context of the oxidative stress theory of aging, the extended longevity of the long-lived lines may be due to alterations in processes involved in repair and detoxification of oxidative damage or to metabolic adaptations that reduce the rate of production of reactive oxygen species. Arking and colleagues (1, 3) have proposed that the extended longevity in some long-lived lines may be due to a process in which there is upregulation of antioxidant defenses followed by alterations in metabolic function that reduce reactive oxygen species production. The importance of antioxidant levels to longevity is controversial. In general, it appears that, although pharmacological or genetic methods of increasing antioxidant levels can increase longevity in short-lived lines, the effects of such treatments vary between laboratories (6, 12) and do not always increase longevity in longer lived lines (21, 23, 24, 37) .
This study demonstrates that there is a considerable range of variation in individual metabolic rates. This variation does not appear to be due to random fluctuations over time in individual flies. Instead, an individual fly has a characteristic and repeatable metabolic rate that can differ from that of other individuals of the same genotype. The specific factors responsible for this variation are not clear, but we do know that the variation is not explained by differences in body mass. It is also unclear what specific genetic factors are responsible for the interline differences in metabolic rates. A recent study by Montooth et al. (22) employing D. melanogaster RI lines found a nearly threefold range of mean metabolic rates between genotypes. There were, however, generally only weak correlations between metabolic enzyme activity levels and whole organism metabolic rates. This observation reinforces results from other studies that have generally found only a weak relationship between enzyme levels and metabolic activity levels and points out the potential limitations of using specific enzyme levels to predict metabolic activities (9, 15) .
Factors affecting metabolic rate measurements. A critical assumption made when the relationship between longevity and metabolic rate is examined is that the metabolic measurements accurately reflect metabolic rates of animals in the longevity assays. We used long-term, flow-through gas respirometry measurements to test this assumption. After an initial acclimatization period, metabolic rates remained relatively stable over both short-term and 24-h measurement periods. Although the presence of a circadian rhythm is well described in Drosophila (13, 42), we found no evidence of a large daily pattern in metabolic rate. The multigenerational rearing of flies under constant light may have minimized the effect of any circadian effect on metabolic rate in these lines.
The use of 100% nitrogen to immobilize flies before metabolic measurements has a very minor effect on their long-term metabolic rates. Likewise, the metabolic rate of unfed D. melanogaster is very similar to that of fed animals, although feeding does cause a shift to different metabolic substrates. In practical terms, this means that the short-term removal of Drosophila from food medium will not have a major shortterm effect on its metabolic rate, particularly if changes in metabolic substrate utilization are taken into account.
An unexpected result of this study was the observation of substantial effects of confinement on metabolic measurements. Other investigators have measured metabolic rates on flies immobilized between cotton balls (29) . We find that such measurements do not reflect metabolic rates under conditions typically used in longevity assays. Measurements of oxygen consumption on confined flies might explain reported differences in the metabolic efficiency of older flies (29) . The conclusion that metabolic efficiency decreases with age was based on comparisons of the oxygen consumption of confined flies with the heat production of flies maintained in separate chambers. Because it is not clear whether flies used for heatproduction measurements were similarly confined, direct com- parison of the two metabolic measurements may lead to erroneous conclusions.
The effect of the freezing method on fly weight was also unexpected. Clearly, the accurate determination of the wet weight of Drosophila requires either that the fly be weighed immediately or stored at Ϫ80°C.
Because the metabolic rates of single D. melanogaster are relatively low, previous studies comparing metabolic rates and longevity in Drosophila typically measured metabolic rates in groups of flies. The use of CO 2 production to measure metabolic rate allows metabolic measurements to easily be made on individual flies, which greatly increases the sample size and statistical power of experimental studies and allows the effects of individual differences in body size to be taken into account. A potential limitation, however, of the use of CO 2 production to infer the metabolic rate of an organism is that the ratio of CO 2 produced to oxygen consumed can vary due to factors such as metabolic substrate utilization or acid-base balance of the organism (8, 41) . Data from this study demonstrate that CO 2 measurements do provide an accurate proxy of oxygen consumption in D. melanogaster.
The relationship between longevity and metabolic rate in Drosophila has been studied for over 85 yr (16, 26) . Numerous, sometimes conflicting, results have been published on the relationship between these two variables. Much of the confusion is likely due to the failure to measure metabolic rates under conditions that accurately match those used to assay longevity. Such measurements are essential to meaningfully determine the correlation between the longevity of an organism and its metabolic rate. Data from this study show that metabolic rate measurements of individual flies closely mirror metabolic rates of flies under conditions used to assay longevity. We also found that it is possible to both maintain a normal metabolic rate and have extended longevity. This result has now been found in two independently derived RI lines, supporting the general conclusion that extended longevity can be achieved in Drosophila without a concomitant reduction in metabolic function.
